Determining fPAR and LAI (leaf area index) of several land cover classes in portion of the Great Kei and Tsitsa River Catchments, north Eastern Cape, South Africa. The compliance and reporting requirements for several international conventions, such as the Clean Development Mechanism and REDD+, make it imperative that governments prepare themselves for quantifying and validating estimates of net ecosystem carbon exchange (NEE).
The NEE represents the resultant sum of all the carbon captured in the process of photosynthesis minus that released through respiration from the plants and the soil surface (Shi et al. 2014) . The storage of carbon by each ecosystem component is driven by several biophysical parameters associated with each land cover unit, including the structure and physical characteristics of the plant canopy, the energy (including but not limited to air temperature, soil heat and net solar radiation), water relations, and the amount and season of rainfall) experienced by that land unit.
In water limited regions such as South Africa, negotiations around water licensing require evidenced-based estimates of the water-use of each land cover type within a catchment. Part of this process is to establish total annual evapotranspiration (ET) associated with each land cover class within a catchment. In order to contribute towards an improved understanding of the carbon-water nexus described above, we have measured several key variables that are used in models of NEE and ET in South African mixed farming landscapes.
Recently, significant advances have been made in modelling NEE using Earth observation/remote sensing (Xiao et al. 2008) . Photosynthetically active radiation (PAR) is the solar radiation in the visible part of the spectrum in the interval of 400-700 nm that is available to drive photosynthesis. It is a crucial component of the light use efficiency model of primary production. It has been recommended that a standard definition of the light use efficiency (LUE) model should be based exclusively on radiation absorbed by green vegetation (Gitelson & Gamon 2015) . In situ measurements of the fraction of PAR (fPAR) that is absorbed by the plant canopy are necessary if we are to validate production models developed from remotely sensed data.
Leaf area index (LAI) is a dimensionless variable, described as the maximal projected leaf area per unit ground surface area (Myneni et al. 1997) . LAI is a fundamental biophysical parameter through which canopy physiological functioning can be related to indices derived from Earth observation using satellite-borne sensors, especially the normalized difference vegetation index (NDVI) (Pettorelli et al. 2005) . Canopy LAI can be highly correlated with fPAR, net primary productivity (NPP) and biosphere-atmosphere exchange of heat, momentum and many important trace gases (Ref?) . LAI can also be integrated into the Penman-Monteith equation to predict actual evapotranspiration (Leuning et al. 2009; Palmer et al. 2015) . The LAI of vegetation is spatially and temporally highly variable and depends on species composition, development stage, seasonality and the prevailing site conditions (water supply and soil fertility) and management practices (Le Dantec et al. 2000) . LAI and fPAR characterize canopy function and energy absorption capacity and they are key parameters in most ecosystem productivity models and global models of climate, hydrology, biogeochemistry and ecology (Sellers et al. 1997 ).
There is a strong call to the effective measurement of the water and carbon fluxes above different categories of land-use (Foley et al. 2005) as each has a different capacity to accumulate or utilize above-and below-ground biomass. The clarion call for carbon accumulation in soils and above ground standing biomass to combat increasing trends in atmospheric CO 2 concentration has meant that models of C assimilation and water use are legion. Biomass accumulation is determined by assimilation activity and allocation of assimilates, but there are biophysical limits to an ecosystem's ability to continue assimilating CO 2 . These processes are affected by the climatic conditions of the local environment, but also by the land management activities associated with human occupation. The assimilation activity is strongly dependent on the accessibility of solar radiation and its absorption plays a key role in a set of physical processes connected to stand biomass production (Markova et al. 2011) . Light and temperature are probably the most important variables affecting leaf growth. Generally, as the leaf ages, photosynthetic capacity initially increases, reaches a maximum soon after it is fully expanded, and then declines (Woledge & Parsons 1986 ). The decline starts before any visible signs of senescence (Woledge & Parsons 1986 ) are obvious. Thus, the amount of the absorbed solar radiation during the growing season determines biomass production (Linder 1985) .
The production of stand biomass at a particular locality is determined not only by the absorbed solar radiation but also by the efficiency of conversion of this radiation energy into biomass (significantly determined by the stand structure) and the "quality" of the locality e.g. water and nutrition availability (Xu et al. 2006) . Monteith & Moss (1977) reported a linear relationship between PAR, which is absorbed by the stand and aboveground dry-matter production over relatively short time spans (i.e. days of the growing season). The linear character of this relationship is a great advantage and many empirical studies have supported this assumption (Madakadze et al. 1998) . The final amount of PAR absorbed by the given stand structure results from the amount of incident solar radiation, effectiveness of leaf absorbed PAR and/or the considered time period (length of the growing season). Increased incident PAR escalates the potential amount of absorbed PAR (Stenberg et al. 1994; Oker-Blom et al. 1989 ). The duration of PAR absorption by active leaf area affects the final biomass formation and thus the differences between individual seasons are obvious. The growth of the biomass responsible for PAR will be dependent on the efficiency of the assimilate conversion into biomass and biomass allocation.
The rate of plant growth, and production of forage, depends on the size of the photosynthetic (leaf) area available for trapping sunlight and the efficiency with which this leaf area can photosynthesize. These two aspects are closely related since leaf expansion is dependent on the availability of energy substrates, which is in turn related to photosynthetic rate. In practice, however, leaf expansion and photosynthetic rate may respond to changing circumstances. This paper provides data on field validation of fPAR and LAI for selected land cover classes in two catchments with contrasting land tenure arrangements, with a specific focus on the use of this information for establishing the fPAR and LAI values for use in catchment scale hydrological and evapotranspiration models.
We surveyed two quaternary catchments (S50E and T35B) in the Great Kei and Tsitsa River Primary catchments. Both catchments are representative of areas where invasive alien plants (IAPs) are a threat to un-improved grasslands. These quaternary catchments contain a range of land cover types including commercial forestry, commercial dryland cultivation (maize and soya beans), native forests, IAPs, wetlands, urban areas and un-improved grasslands (Table 1) .
Quaternary catchment S50E, near Cala, supplies the Ncora dam on the Tsomo River. The Ncora dam was completed in 1975, with a capacity of 150 x 10 6 m 3 and a surface area of 1392 ha.
There is no large dam in quaternary catchment T35B. In S50E, the leasehold land tenure system has encouraged mixed communal settlements comprising traditional village dwellings, dryland cultivation and rangeland. In T35B, the land tenure is predominantly freehold, and land cover (Table 1) . This is regarded as the peak of the growing season in this region, and Maclear had received 350 mm of rainfall in the preceding 120 days. At each site, repeated (ten)
recordings of LAI and fPAR were recorded on cloudless days between 11h00 and 13h00. All the readings for each land cover class encountered in the study area were used to calculate a mean fPAR and LAI per cover class, and to provide full descriptive statistics that can be used in NEE and ET models.
A Landsat 8 image of the study area was acquired for 16 January 2014 (within 7 days of the field survey), radiometrically and geometrically corrected using Open-Source GRASS GIS image processing software (Version 7.0.5RC2)( https://grass.osgeo.org), and a normalized difference vegetation index was prepared. Using the geo-location information for each land cover class, a mean NDVI for each cover class was extracted using a 20-pixel sampling window. These measured fPAR and LAI values for samples from several land cover types, plantations and crops are the first reported from in-field measurements for sites in these catchments (Figures 1 and 2 ).
The highest mean LAI value (x=7.38) for the entire study area was recorded under a monospecific plantation of black wattle in the riparian zone, adjacent to a village on communal land (Table 2 ). The 2 nd highest LAI occurred in an actively growing stand of black wattle upon a rocky slope on former commercial rangeland. The mature eucalyptus plantation had the lowest LAI and fPAR when compared to all other cover types at the peak of the growing season. Native grassland and immature pine plantation both had lower LAI and fPAR values than the other selected examples of land cover.
There was a significant, positive correlation between the field-measured LAI and the NDVI from the Landsat 8 image of 16 January 2014 (Figure 3 )(F-value=38.57, p<0.001). The proportion of land surface that each cover class occupies in the two quaternary catchments in this study shows that native forest and IAPs together currently occupy 12.4% (T35B) and 10.8% (S50E) of quaternary catchment area (Munch et al. 2017 ).
The results indicate that there are extremely high LAI values associated with stands of mature black wattle, and suggest that these IAPs are significant users of water in these landscapes relative to all other land cover classes. The contribution of these IAPs to catchment-scale water use needs to be determined after a more comprehensive study of the area occupied by each land cover class. Preliminary results of the proportion of land surface that each cover class occupies in the two quaternary catchments suggest that the total contribution of IAPs to the catchment-scale water balance may not be as high as anticipated. The strong positive relationship between the infield measurements of LAI and the Landsat 8 NDVI indicates that it will be possible to apply the results of the in-field validation of LAI to the entire catchment. As LAI is a significant input into the algorithms used to model catchment evapotranspiration, this result will improve catchmentscale estimates of ET. The fraction of PAR intercepted by all the plant canopies was greater than 0.9 in all but three of the land cover classes (Table 2 ). This indicates that in-field measurements were recorded when active growth was at or close to maximum thereby providing maximum possible values for LAI, fPAR and ET for each of these cover classes. These maximum values are crucial in parameterizing models for NEE and ET (Palmer et al. 2015) . (Munch et al. in press ). 
